Single crystal CaS:Eu and SrS:Eu luminescent particles were synthesized via a solvothermal route at relatively low temperature ͑200°C͒. The as-obtained suspensions were strongly photoluminescent ͑PL͒, pointing at good Eu incorporation. The phosphors showed a broad PL emission band with an emission peak at 663 and 623 nm for CaS:Eu and SrS:Eu, respectively. The synthesis method meets the growing interest in small monodisperse particles. The composition and morphology of the particles was evaluated with transmission electron microscopy, scanning electron microscopy-energy dispersive X-ray and electron backscatter diffraction, particles were found to be mostly monocrystalline. X-ray diffraction showed a cubic structure with space group Fm3m. To control the growth of the crystallites, thioglycerol was added as capping agent, narrowing the size distribution and facilitating the growth of the single crystals.
Traditionally, alkaline earth sulfide phosphors have been prepared by sulfurization of alkaline earth oxides or carbonates under a flow of H 2 S or CS 2 , or by reducing sulfates with H 2 or H 2 S. 1, 2 These reactions require high processing temperatures ͑Ͼ800°C͒ to allow adequate diffusion of atoms or ions. Such experimental conditions lead almost invariably to thermodynamically stable phases with simple lattice structures of high density and high symmetry, 3, 4 giving little control in material stochiometry. Most of these reactions have to be performed in an oxygen-free environment or involve toxic agents such as H 2 S.
Furthermore, the requirements for phosphors have become more stringent, as smaller and smaller particles are being required. Phosphor particles, used in ink jet printers, are required to have a diameter in the range of 1 m or less in order to be suspended in an ink formulation. 5 In order to achieve higher resolution in computer monitors, smaller phosphor particles are often needed. Biological assays require monodispersity as well as small particle size phosphors. 6 Current synthesis methods for sulfide phosphor particles result in bulk particles with an average size of the order of several micrometers. These traditional methods do not meet the challenges presented in the production of small and tailored phosphor particles.
A solvothermal synthesis method 7, 8 offers several advantages compared to these traditional preparation methods. The reaction is carried out in a high-pressure autoclave. There, the solubility of the solid reactants is increased, which speeds up the reaction to generate particles. Diffusion and growth control are obtained by using a suitable solvent. The major advantage of this approach is that the reaction can take place at relatively low synthesis temperature. The method is quite environmentally friendly as no toxic gases are used and the required energy input is significantly lower compared to solid-state reactions. Adding capping agents offers the ability to tune the size and shape of the materials, which is the first corner stone in nanotechnology, not only to improve current materials, but also to explore possible, size-dependent novel physical properties. 9 The method allows the synthesis of small sulfide particles, 7, 8 subject of the present study.
Alkaline earth sulfide phosphors, for example, CaS and SrS doped phosphors, are employed in a wide variety of lighting and display applications, such as field emission display, 10 wavelength converters in light emitting diodes ͑LEDs͒ for solid-state lighting 11 and most importantly inorganic electroluminescent devices. [12] [13] [14] In particular, CaS:Eu and SrS:Eu have been studied for a long time as materials for inorganic luminescence. 2, 4, 15 Recently, the presence of IR up-conversion and optical storage in Sm co-doped CaS:Eu and SrS:Eu has sparked new interest in these materials. 16, 17 Application of CaS:Eu and SrS:Eu in phosphor converted LEDs is promising, if their chemical and thermal stability can be enhanced. 18 If one obtains monodisperse particles with a limited size, encapsulation of the particles against hydrolysis will become much easier. Sun et al. prepared CaS:Eu nanoparticles through a wet chemical process in ethanol. 19 These nanoparticles had a very low fluorescent intensity because of their extremely poor crystallinity. To obtain fluorescent material, annealing at temperatures above 700°C was necessary. Also the CaS:Eu nanoparticles prepared by an alkoxide method reported by Sawada et al. 20 did not show any photoluminescent emission. Heating at 700°C in N 2 was necessary to incorporate Eu 2+ into the CaS lattice. Wang et al. prepared undoped CaS and SrS nanoparticles with solvothermal synthesis 7 and pointed out the major advantages of this synthesis method. This synthesis was also successfully applied to prepare CaS nanocrystallites doped with Bi, Ag, and Pb. 21 It is interesting to note that the growth of macroscopic single crystals of CaS or SrS is far from obvious. Only one synthesis method, a floating hot zone technique employing a xenon arc image furnace, has been reported. 22 In this work, we apply the solvothermal synthesis as proposed by Wang et al. 7 to prepare strongly luminescent monodisperse micrometer-and submicrometer-sized CaS:Eu and SrS:Eu single crystals. Both the luminescent and structural characteristics of these phosphor materials were studied thoroughly, as well as the influence of a capping agent ͑thioglycerol͒. The morphology and composition of the particles was evaluated.
Experimental
CaS:Eu and SrS:Eu particles were prepared with a solvothermal synthesis method. 7 The starting materials were anhydrous After cooling down, ethylenediamine was separated from the reaction product, which precipitated at the bottom of the Teflon-lined autoclave. The unreacted chlorides and sulfur in the autoclave were removed by washing the reaction product with absolute ethanol. By sonicating the reaction product and heating it to about 50°C, chlorides and sulfur could be separated from the sulfides. This was repeated several times, until only sulfides remained. To characterize the reaction product, it was dripped on glass substrates ͑Corning Vycor͒ and dried in air at room temperature. More homogeneous thin films were obtained by spin coating the reaction product on a substrate. The deposition atmosphere was air and the spin speed was about 500 rpm for 30 s. After deposition, no annealing treatments were performed.
Several analysis techniques were used to evaluate the crystallographic and luminescent properties of the crystallites. With scanning electron microscopy ͑SEM, FEI Quanta 200 F͒ and transmission electron microscopy ͑TEM, JEOL JEM-2200FS͒ information about the grain size and shape was obtained. Using energy dispersive X-ray analysis ͑EDX, EDAX Genesis 4000͒, the composition of the crystallites could be measured. X-ray diffraction ͑XRD, Bruker D8͒, measurements were performed on the reaction product dripped on glass substrates to get information on the crystal structure. The software package FULLPROF 24 was used for Rietveld refinement of the powder diffraction data. The crystallography and texture of the crystallites were studied using electron backscatter diffraction ͑EBSD, HKL Channel 5͒, in a SEM.
Photoluminescence emission and excitation spectra were recorded with a FS920 luminescence spectrometer ͑Edinburgh Instruments͒. Time resolved measurements were obtained with an intensified charge coupled device ͑Andor Instruments͒ attached to a 0.5 m Ebert monochromator. A nitrogen laser ͑ = 337 nm͒ was used for excitation, which has a pulse length of about 1 ns and a 2 Hz repetition rate.
Results and Discussions
No addition of capping agent.-CaS:Eu and SrS:Eu particles were prepared with a solvothermal synthesis, described in the Experimental section. Initially no capping agents were added. Without postdeposition treatments, crystalline particles were obtained. X-ray diffraction of the as-prepared SrS:Eu crystallites shows a facecentered cubic crystal structure with space group Fm3m and lattice constant a = 6.020 nm, as determined by fitting the entire XRD spectrum with FULLPROF. This corresponds to the lattice constant of bulk SrS ͑a = 6.020 nm͒ ͑Fig. 1a͒.
The strong intensity of the ͑111͒ diffraction peak of the crystallites as seen in Fig. 1a is remarkable. The ratio of the intensity of the ͑111͒ diffraction peak to the intensity of the ͑200͒ diffraction peak was a factor 7 higher than the ͑111͒/͑200͒ ratio in bulk powders ͓American Society for Testing and Materials ͑ASTM͒ data͔. This could point at a preferential orientation of the particles with respect to the glass substrate. With SEM, we observed particles with an average diameter of 1 to 4 m and an octahedral shape as shown in Fig. 2a . It was possible to perform EBSD measurements due to the flat surface area of the particles, guaranteeing a clear line of sight to the detector. This technique allows the measurement of local orientations by analyzing the Kikuchi patterns. They result from the intersection of a planar phosphor detector and the diffraction cones of backscattered electrons, which originate from a specific location in the sample.
A cube with the same orientation as the octahedron is obtained after analysis of the EBSD pattern ͑Fig. 2b͒. The tip of the octahedron is oriented in the ͓100͔ direction. The triangular planes were recognized as ͑111͒ planes and can be obtained by cutting the cube in Fig. 2b along the ͑111͒ planes. Due to the octahedral shape of the particles, it can be expected that most of them will lie on a ͑111͒ plane when dripping the reaction product on the glass substrate. For these particles, the ͑111͒ plane is parallel with the specimen surface, yielding a good condition for diffraction to occur in the used -2 geometry. This explains the strong intensity of the ͑111͒ diffraction peak in the XRD spectrum. Furthermore, the Kikuchi diffraction patterns received from an octahedral SrS:Eu crystal did not change while scanning a face of the octahedron. Therefore, we can conclude that only one grain is present in the particle, meaning that single crystals were partially synthesized with this solvothermal synthesis. Besides the relatively large particles as shown in Fig. 2a , also aggregates of smaller, 20-50 nm sized, particles were present.
The CaS:Eu particles, prepared with the same method, have an identical crystallographic structure as the SrS:Eu particles, with a lattice constant a = 5.702 nm, slightly larger than the lattice constant of bulk CaS:Eu ͑a = 5.695 nm͒ as shown in Fig. 1b . A closer look with SEM ͑not shown͒ indicates that CaS:Eu particles with an octahedral shape were rare. Instead aggregates with a large size 
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Journal of The Electrochemical Society, 154 ͑9͒ J278-J282 ͑2007͒ J279 distribution ranging from 500 nm to 1.3 m are obtained, which are mostly composed of 20-50 nm large grains. The intensity of the ͑111͒ diffraction peak in CaS bulk powders ͑ASTM͒ is very low compared to the ͑200͒ intensity, hence it is better to compare the ͑222͒/͑200͒ peak ratio ͑Fig. 1b͒. The experimentally obtained ratio is almost equal to the reference ratio, confirming the SEM results that only a few single crystals are present. From Fig. 1 , it is also observed that the diffraction peaks are significantly broader for Ca-S:Eu than for SrS:Eu, reflecting the differences in crystallite size. Wang et al. obtained nanometer-sized particles, which correspond to the fraction of small particles we obtained. 7 They probably focused on the smallest crystallites present in their synthesis. Gilstrap et al. obtained spherical SrS:Eu particles with a diameter ranging from 25 to 200 nm using the same solvothermal synthesis, but also observed a degree of agglomeration of the SrS:Eu particles. 8 In our case, the main fraction of SrS:Eu particles is single crystalline.
Luminescent characterization.-With the solvothermal synthesis, no postdeposition annealing was necessary to incorporate the Eu 2+ ions in the alkaline earth sulfide lattice. Indeed, the particles are strongly luminescent with an emission band typical for Eu 2+ in alkaline earth sulfides ͑Fig. 3͒. The Eu 2+ emission is due to allowed transitions between the excited state ͑T 2g ͒ of the 4f 6 5d configuration and the ground state ͑ 8 S 7/2 ͒ of the 4f 7 configuration. Other preparation methods for CaS:Eu nanoparticles, such as coprecipitation and alkoxide methods, 19, 20 require postdeposition treatments, more specifically heating at 700°C in N 2 , to obtain luminescent particles.
The as-prepared SrS:Eu particles ͓1 mol % Eu͔ exhibit a broad PL emission band with an emission maximum at 623 nm and a full width at half-maximum ͑fwhm͒ of 90 nm at an excitation wavelength of 450 nm ͑Fig. 3͒. The luminescent characteristics of the crystallites are comparable with those of bulk SrS:Eu powder, with an emission maximum of 620 nm and a fwhm of 76 nm at room temperature. 4 CIE coordinates of ͑0.64; 0.37͒ are obtained which correspond to an orange emission. The SrS:Eu particles, synthesized with a similar method, by Gilstrap, 8 have a broad emission band centered at 614 nm, which is only a small blueshift compared to our micrometer-sized particles.
The as-prepared CaS:Eu particles ͓1 mol % Eu͔ have a maximum emission at 663 nm, with a fwhm of 72 nm, recorded at an excitation wavelength of 500 nm, as seen in Fig. 3 . The shift of the emission spectrum to longer wavelengths when Sr ions are replaced by Ca ions is clearly seen. 2 Smet et al. 4 reported the emission properties of sintered CaS:Eu powder. This bulk CaS:Eu shows an emission maximum at about 653 nm at room temperature ͑293 K͒. The shift of the emission spectrum of solvothermal CaS:Eu to longer wavelengths might be due to the presence of small crystallites. Strain, due to surface reconstruction of the small particles, might cause a change in the crystal field strength, resulting in a shift of the emission spectrum. The CIE coordinates of the CaS:Eu emission were ͑0.70; 0.30͒, indicating a saturated deep red emission.
The luminescence decay curves of the as-prepared particles were measured to obtain the luminescence lifetime. The particles were excited with a pulsed nitrogen laser emitting a wavelength of 337 nm. Both SrS:Eu and CaS:Eu particles exhibit a decay profile consisting of multiple components ͑Table I͒. Next to a relatively slow decay, a much faster part was present in the beginning of the decay curve. The fast decay component was found to be about 0.17 and 0.11 s for SrS:Eu and CaS:Eu, respectively. The mean decay component was characterized by a luminescent lifetime of 1.0 s for SrS:Eu and 1.1 s for CaS:Eu. An additional long afterglow was seen for the SrS:Eu particles, which is not uncommon. 25 Yamashita et al. reported a lifetime in the range of 0.8 and 1.3 s for SrS:Eu and CaS:Eu, respectively, at a temperature of 300 K, 26 which is in correspondence with our measurements. The fast decay component could point at the presence of nonradiative decay channels; however, this fast decay is limited in our crystals. For smaller crystals, the surface to volume ratio is larger, increasing the probability at surface defects and thus for nonradiative decay to occur. This is probably the reason for the higher contribution of the fast decay in CaS:Eu, compared to SrS:Eu ͑Table I͒.
Addition of a capping agent.-For applications, a narrow size distribution would be interesting. To improve the growth control of the crystallites, thioglycerol was added into the autoclave. Thioglycerol ͑99% Merck͒ is well known as a capping agent for the synthesis of nanomaterials. Sun et al. used thioglycerol in their coprecipitation method to stabilize the CaS:Eu particles in ethanol. 19 The capping molecules adsorb on the surface of the particles and prevent them from aggregating. Thioglycerol can also act as a catalyst and improve the reactivity of elemental sulfur in the synthesis. 27 Again, no postdeposition annealing treatments were necessary to obtain both luminescent and crystalline particles.
Crystallographic characterization.-With the addition of 0.1 mL thioglycerol to the autoclave, the ratio ͑111͒/͑200͒ of the diffraction peaks of the SrS:Eu particles was now 14 times larger than this ratio of bulk SrS:Eu. The size of the particles increased to 2-3 m by adding thioglycerol ͑Fig. 4͒, which was in correspondence with a decrease of the fwhm of the diffraction peaks. Nevertheless, with TEM it was seen that there is still a small fraction of nanosized particles present ͑not shown͒.
A closer look at this synthesis product with SEM and EBSD proved the presence of octahedral single crystal particles. In Fig. 5a , a SEM image of a typical single crystal is shown. In combination with EBSD, we could obtain its orientation. The tip of the octahedron is again oriented in the ͓100͔ direction and the triangular planes Normalized PL emission spectrum of SrS:Eu ͑thick line͒ and CaS:Eu ͑thin line͒ crystallites. The emission spectra were recorded at an excitation wavelength of 450 and 500 nm, respectively, at room temperature ͑293 K͒. Table I . Luminescent decay constants for the SrS:Eu and the CaS:Eu crystals as a function of the amount of thioglycerol added to the synthesis. Each time two decay components were found. The data between brackets refer to the total integrated emitted intensity assigned to this component. The data were obtained at room temperature.
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are ͑111͒ planes. As the surface of the crystal was scanned the Kikuchi diffraction pattern, shown in Fig. 5b , did not change. So again, single SrS:Eu crystals were obtained. A similar synthesis with the addition of 0.1 mL thioglycerol for CaS:Eu led to rather monodisperse micrometer-sized CaS:Eu particles as seen with SEM in Fig. 6 . The obtained particles did not show the same octahedral shape as the SrS:Eu crystallites, prepared with the same amount of thioglycerol. Wang et al. 7 reported that the yield of CaS is much lower than that of SrS, which can be related to a less regular growth of CaS compared to SrS as seen in Fig. 6 . The diameter of the particles ranges from 600 nm to 1.5 m. However, they are not composed of aggregates of small particles as in the case without adding thioglycerol. The ratio of ͑222͒/͑200͒ did not change significantly by adding 0.1 mL thioglycerol, compared to the ratio for crystallites prepared without capping materials. From this XRD spectrum a lattice constant of 5.689 nm was calculated using FULLPROF, which is close to the lattice constant of bulk CaS:Eu material. When we compare the XRD spectrum of CaS:Eu particles synthesized with and without capping agent ͑not shown͒, we notice a narrowing of the diffraction peaks when thioglycerol is added. Again, this points to the presence of larger particles and the absence of the small particles that were seen in the synthesis without thioglycerol. Since the XRD line broadening is the result of a large size distribution of smaller particles, no attempts were made to quantify the crystallite size from this broadening.
To get a better understanding of the influence of thioglycerol on the growth of the particles, we added more thioglycerol into the autoclave. As 1.0 mL thioglycerol was added to the starting materials for the SrS:Eu synthesis, relatively large SrS:Eu particles, with a diameter of about 5 m, were synthesized ͑not shown͒. The ͑111͒/͑200͒ ratio, calculated from the diffraction spectrum, is about eight times larger than the ratio for bulk material. When 1.0 mL thioglycerol was added to the CaS:Eu starting materials, monodisperse CaS:Eu particles were grown, with diameters varying from 1 to 2.5 m, as seen with SEM ͑Fig. 7͒. The octahedral shape of the particles, as seen for SrS:Eu, appears. This characteristic is also noticed in an increase of the ͑222͒/͑200͒ ratio of the diffraction peaks, up to six times the ratio of bulk material. Next to these relatively monodisperse particles, large octahedral particles with an average size of 3-4 m are also present. The larger size of the crystallites is confirmed by in decrease in the fwhm of the diffraction peaks and is in correspondence with the observation for SrS:Eu. We can conclude that in our solvothermal synthesis, thioglycerol does not act as a capping agent to prevent growth, but it acts more as a catalyst, improving the reactivity of elemental sulfur.
Luminescent characterization.-The excitation spectrum of SrS:Eu crystallites for the emission at 620 nm at 70 K is presented in Fig. 8 . The excitation spectrum consists of three bands. The first broad excitation band ͑a͒ in the visible part of the spectrum, ranging from 2.1 to 3 eV, is due to 4f 7 − 4f 6 5d 1 ͑T 2g ͒ transitions in the Eu 2+ ions. The dip in the middle of this broadband is due to an artifact of the experimental setup and has no physical meaning. The second excitation band ͑b͒ is located at about 4.32 eV, which is exactly the bandgap energy of single crystal SrS. 28 At the low energy side of this second excitation band, a shoulder in the spectrum can be seen ͑indicated with an arrow͒. This shoulder is related to transitions from the ground state of the Eu 2+ ion to the second excited level of the 4f 6 5d 1 ͑E g ͒. In SrS:Eu, the Eu 2+ environment has an octahedral symmetry. The 5d orbital is split by the crystal field into T 2g and E g levels, separated by the crystal field parameter 10Dq. This is in correspondence with the crystal field splitting of 1.49 eV, published by Dorenbos. 29 At about 4.8 eV a third band ͑c͒ can be distinguished in the excitation spectrum, which is assigned to direct exciton transitions at the X point of the Brillouin zone of SrS. 25 The luminescent lifetime of the crystals is given in Table I . With an increasing amount of thioglycerol, the contribution of the main decay constant becomes more important. This can be explained by the higher crystallinity of the particles, as more thioglycerol is added to the synthesis. An increase in crystallinity corresponds to a decrease of the nonradiative decay channels, which affects the fast decay as seen in Table I .
Conclusion
The solvothermal synthesis, with ethylenediamine as a solvent, provides a relatively simple method to synthesize monodisperse, micrometer-sized single crystalline SrS:Eu and CaS:Eu particles. The amount of thioglycerol added into the autoclave could be related to the growth of larger, more crystalline particles as shown with EBSD in combination with SEM. The as-prepared single crystals show a good luminescent intensity without the need of postdeposition annealing treatments, which is a major advantage compared to other preparation methods for SrS:Eu and CaS:Eu. The position of the emission peak is similar to that of bulk material. As the particles were large compared to the Bohr exciton radius, no quantum confinement effects could be seen. The micrometer-sized particles can be easily encapsulated and thus applied for several technological applications.
To obtain even smaller monodisperse, single crystal SrS:Eu and CaS:Eu, the influence of the reaction temperature, the duration of the reaction and the amount of starting materials could be investigated. However, lowering the reaction temperature and the reaction time might influence the yield of the reaction product.
Preliminary data indicate that single phase crystals with composition Ca 1−x Sr x S:Eu can be obtained with this synthesis method. In this way, the emission spectrum can continuously be tuned from orange to red, 2 further extending the tailoring of the properties of these materials. 
